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Nonlinear-optical spectral interferometry of nanostructures
using coherent anti-Stokes Raman scattering
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Abstract. The spectrum of coherent anti-Stokes Raman
scattering (CARS) from Raman-active vibrations of gas-
phase nitrogen molecules in a mesoporous silica aerogel host
is experimentally studied. The CARS spectral profile under
these conditions is a result of interference of the resonant part
of nonlinear susceptibility, originating from nitrogen mole-
cules in aerogel pores, and the nonresonant contribution,
related to the mesoporous host. Raman-active modes of gas-
phase molecular nitrogen give rise to intense resonances in the
CARS spectrum, serving as reference spectral profiles for
probing local parameters of a nanocomposite material
(nanoCARS).
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1. Introduction

Research into the inelastic, combinational scattering of light
is one of the milestones in the history of physics at Moscow
State University. This seminal work was done by
L.I. Mandelstam and G.D. Landsberg, who observed the
combinational scattering of light in crystalline quartz [1, 2]
independently of experiments of C.V.Raman and
K.S. Krishnan on inelastic scattering of light in liquids
[3], later called the Raman effect. The discovery of
stimulated [4—6] and coherent [7] regimes of Raman
scattering gave rise to new methods of laser spectroscopy
and time-resolved studies of ultrafast energy-transfer
processes in molecular and atomic systems [§—12], stimu-
lating the development of the quantum-control technique
[13], laser cooling of atoms [14, 15], and efficient frequency
conversion of laser radiation [12].
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Coherent anti-Stokes Raman scattering (CARS) [8—12]
is one of the most widely used, efficient, and elegant
methods in nonlinear spectroscopy. As a physical phenome-
non, CARS was first observed and identified by P.D. Maker
and R.W. Terhune [7] about 40 years ago. Researchers at
Moscow State University, the founders of the Soviet-—
Russian school of nonlinear optics, have prominently
contributed to the development of CARS [8]. In the early
1970s, S.A. Akhmanov supervised a group of researchers at
the Department of Physics of Moscow State University, who
pioneered in the development of CARS with frequency-
tunable optical parametric oscillators [16]. This work
demonstrated the unique potential of CARS and opened
a new phase in laser spectroscopy. N.I. Koroteev and his
colleagues have later developed a polarisation technique for
coherent background suppression in CARS spectra [17, 18],
allowing the sensitivity and selectivity of CARS spectro-
scopy to be substantially improved.

The up-to-date CARS technique [19, 20] can provide a
high spatial, temporal, and spectral resolution in the
diagnostics of excited gas media, plasmas, flames, and
combustion. This method is extensively used for coherent
microscopy of biological objects [21] and ionised spatially
inhomogeneous gas media [22]. CARS renaissance of the
past few years has been inspired by impressive achievements
in femtosecond CARS [13], three-dimensional CARS micro-
scopy [21], and coherence-controlled CARS [23]. Waveguide
regimes of nonlinear-optical interactions [24], including
waveguide CARS in hollow photonic-crystal fibres [25],
provide a radical sensitivity improvement in CARS spectro-
scopy.

In this work, we demonstrate that the CARS technique
is ideally suited for the metrology of nanocomposite
materials and other objects of nano-optics. We will present
the results of experimental studies of CARS spectra of
Raman-active vibrations of gas-phase molecular nitrogen in
a mesoporous silica aerogel host. The CARS spectral profile
under these conditions is a result of interference of the
resonant part of nonlinear susceptibility, originating from
nitrogen molecules in aerogel pores, and the nonresonant
contribution, related to the nanostructure. This spectral
profile is shown to allow the probing of local parameters of
nanostructures and nanocomposite materials (nanoCARS).
On the eve of the historical 250th anniversary of Moscow
State University, we are honored to contribute to this
special issue, dedicating our work to the founders of the
school of optical physics at Moscow University — pioneers
of spectroscopy and nonlinear optics.



98

S.0. Konorov, V.P. Mitrokhin, I.V. Smirnova, A.B. Fedotov, et al.

2. Theory of nanoCARS

Coherent anti-Stokes Raman scattering generally involves
coherent excitation of Raman-active modes in a medium
under study with a biharmonic pump field and probing of
the thus phased Raman modes with an additional light
field. The difference of frequencies w; and , of the
biharmonic pump field is scanned around the frequency of
the Raman-active mode w; — w, ~ Q (the inset in Fig. 1),
providing a high efficiency and a high selectivity of Raman-
mode excitation. The third field with a frequency wjs is then
applied to probe coherently excited Raman modes, giving
rise to an anti-Stokes signal at the frequency w, =
W] —wy + w3 =w3+ R, which is used to extract the
spectroscopic information on the system. The CARS line
profile is controlled by the interference of Raman-resonant
and nonresonant parts of nonlinear-optical susceptibility,
Xr(3) = Xr(3)(wa; Wy, —Wo, (1)3), and Xrgi) = Xrgf)(wm Wy, =Wy, (})3).
In the scalar theory of CARS line profiles, the intensity of
the CARS signal is represented as [8, 9]

L o< |2 + 1P PL LI, (1)

where I}, I,, and I; are the intensities of the pump and
probe fields.

The nonresonant coherent background, originating from
the nonresonant nonlinear-optical susceptibility, often
masks Raman resonances in CARS spectra, complicating
CARS measurements and limiting the sensitivity of CARS
spectroscopy. In certain situations, however, the nonreso-
nant part can help to restore the phase information on the
resonant part of 1(3) and to measure nonlinearities of optical
materials [26, 27].

We now extend the scalar theory of CARS to the case of
a nanocomposite material. Consider a nanocomposite
system consisting of two components with dielectric con-
stants g and &, and cubic nonlinear-optical susceptibilities
11(3), 12( ). The generic mixing rule for nonlinear suscepti-
bilities is then written as [28, 29]
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where f; and f, are the volume filling factors of the
constituent materials. The effective dielectric constant of the
nanocomposite material g is determined by the dielectric
functions and the volume filling fractions of the constituent
materials, as well as by the morphology of the nano-
compoiste. For nanocomposite materials with an
architecture of a random network of pores, a good
approximation for the effective dielectric constant is
often provided by the Bruggeman formula [30],
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The generic idea of nanoCARS is to use a reference
CARS line profile (such profiles have been accurately
measured for a broad class of Raman-active molecular
vibrations) as a local probe for the parameters of a
nanocomposite material. The second material in a nano-
composite structure provides a nonresonant contribution to

the mixing rule, thus deforming the reference CARS line
profile. We will analyse in greater detail a Raman resonance
with a Lorentzian profile:
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where 4 = (w; — w, — Q)/I" is the frequency detuning of
the biharmonic pump w; — w, from the frequency Q of the
Raman-active mode normalised to the linewidth I'. In view
of Eqns (1)—(4), the scalar-theory expression for the
intensity of the CARS signal from an isotropic nano-
composite material is written as
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As can be seen from Eqn (5), the nanostructured host
distorts the reference CARS profile (Fig. 1). Accurately pre-
calibrated CARS profiles can therefore be used to measure
local parameters of nanocomposite materials.

3. Experimental

Our experiments were performed with mesoporous silica
dioxide used as a nanocomposite system. The synthesis of
aerogels was based on the hydrolysis of metal alkoxide
[31, 32]. The hydrolysed metal alkoxide undergoes a
condensation reaction, forming a metal oxide gel, from
which solvents are supercritically extracted to form an
aerogel. Unique properties of aerogels for nonlinear optics
originate from their low density (0.003—0.15 g cm™>) and a
high porosity (90 %—99 %). An open structure of pores in

I, (arb. units)
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Figure 1. Intensity of the CARS signal from a binary nanocomposite
consisting of materials with dielectric constants ¢; = 1 and &, = 2.25, the
volume filling fractions f;, and f5 =1 —f;, and third-order nonlinear
susceptibilities () = —7® /(i + 4) and £i¥ calculated as a function of
the normalised frequency detuning from the Raman resonance
A= (0 —wy, — QT for [79)/|x8] =001, 5 =0 (curve 1), 0.02 (2),
and 0.05 (3). The inset shows the diagram of the CARS process.
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aerogels is ideally suitable for the creation of high-porosity
hosts for materials with high nonlinearities, as well as for
the development of sensors based on laser spectroscopy.

We performed two-colour CARS spectroscopy (w; =
w3, w, = 2w — w,) of Raman-active vibrations of nitrogen
and toluene molecules in a mesoporous silica aerogel host
with a typical pore size of 8—15 nm and a porosity of
97 %—98 %. The content of nitrogen molecules in aerogel
pores corresponded to the natural content of molecular
nitrogen in the atmospheric air under normal conditions.
Toluene molecules were infiltrated into aerogels in the gas
phase by placing samples on top of a cell containing toluene
solution.

The laser system employed in our experiments (Fig. 2)
was based on a Q-switched Nd : YAG master oscillator,
which generated 15-ns pulses of 1.064-um radiation. These
pulses were then amplified and converted into the second
harmonic with a KDP crystal. The second harmonic
produced in this crystal served as one of the pump beams
in the CARS process (frequency w;). Frequency-tunable
radiation of a sulforhodamine 101 dye laser (DL in Fig. 2)
served as the second pump beam in the CARS process
(frequency w,). Glan prisms and polarisation plates were
employed to rotate polarisations of the second-harmonic
and dye-laser pump fields. A Glan prism placed behind the
nanocomposite sample served to analyse polarisation of the
CARS signal. A dichroic mirror was used to couple the
spherically focused pump laser beams into a silica aerogel
sample. The energies of pump fields with frequencies w; and
w, were varied within the ranges of 10—200 puJ (second-
harmonic radiation) and 10—80 pJ (dye-laser radiation),
respectively.

The frequency difference w; — w, was scanned through
the frequencies of 2331-cm™' vibrations of nitrogen mole-
cules and 1004-cm™' vibrations of toluene. The CARS
signal, generated at the frequency wcars = 2w; — w,
through Raman-active vibrations of molecular nitrogen
or toluene (the inset in Fig. 1), was collimated with a
spherical lens, separated from the pump and probe beams
with a set of optical filters, dispersed with a monochroma-
tor, and detected with a photomultiplier (Fig. 2).

4. Results and discussion

Even on Raman resonance, the cubic nonlinear optical
susceptibility related to vibrations of gas-phase molecular
nitrogen in the atmospheric air filling the pores of silica
aerogel is much lower than the nonresonant contribution
related to the solid-state nanostructured host, |7/ |;{2(3>|
< 1. Still, due to the high porosity of the host, Raman-
resonant vibrations of gas-phase molecular nitrogen give
rise to an easily detectable CARS signal with a wavelength
of 473 nm, allowing the spectral analysis of this signal
(Fig. 3). To visualise the contribution of the mesoporous
host, we compared the profiles of the 2331-cm ™! resonance
in CARS spectra related to molecular nitrogen in free
atmospheric-pressure air [dashed line (/) in Fig. 3] and in
silica aerogel [dots connected with line (2), serving as a
guide for the eye in Fig. 3]. This comparison shows that the
high-porosity host distorts the CARS spectral profile.

I, (arb. units)
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Figure 3. Spectrum of the CARS signal from 2331-cm~' Raman-active
vibrations of molecular nitrogen in free atmospheric-pressure air [line
(7)] and in the atmospheric air filling the pores of the silica aerogel host
under normal conditions [dots and line (2)]. Dotted line (3) shows the
theoretical fit of the experimental data with |"Z‘(V3z>\ /| xafsr)ogel\ =0.002 for
the polarisation arrangement implemented in experiments.
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Figure 2. Scheme of the experimental setup for nanoCARS spectroscopy of nanocomposite materials based on aerogels.
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Dotted hne (3)in Flg 3 dlS%)ldyS the fit of the experimental
/|/Caerogel‘ = 0.002, tYPlcal of
the studied nanocompos1te and the employed polarisation
CARS arrangement. Overall, the theoretical fit reproduces
the experimental CARS spectral profile with a reasonable
accuracy. Deviations of the experimental spectral profiles
from the fit in Fig. 3 can be partially attributed to the non-
Lorentzian shape of the Raman line of molecular nitrogen
probed in our experiments (see, e.g., [33]). The qualitative
agreement between the experimental data and theoretical fit
indicates the applicability of effective-medium models for
the description of CARS spectra of Raman-active molecu-
lar vibrations in the gas phase infiltrating mesopores of
aerogels.

Figure 4 presents CARS spectra of toluene molecules
from a standard cell (the dashed curve) and a mesoporous
aerogel host (dots). These spectra demonstrate a drastic
change in CARS spectral profiles as the regime with a high
ratio [7¥)/1Y| > 1, characteristic of toluene solution in a
standard cell, is replaced by the regime of nanoCARS with a
low concentration of Raman-active species. The sensitivity
of the CARS spectral profile to the ratio of the resonant part
of nonlinear-optical susceptibility, associated in this case
with toluene molecules, to the nonresonant part of }5(3)
suggests the possibility of using the CARS technique to
measure the local parameters of nanocomposite materials,
including the porosity and the effective refractive index. The
local-field enhancement of the pump field in the pores [29]
can, on the other hand, substantially increase the resonant
component of the CARS signal (see also [34]). This effect
can be employed for the creation of efficient sensors, as well
as optical modulators and switches based on high-porosity
aerogel-architecture nanocomposite materials.

= =
S
vV

I, (arb. units)

=

1.0 -

V]

<

o N

10.

spectral profile under these conditions is a result of
interference of the resonant part of nonlinear susceptibility,
originating from nitrogen molecules in aerogel pores, and
the nonresonant contribution, related to the mesoporous
host. Raman-active modes of gas-phase molecular nitrogen
give rise to intense resonances in the CARS spectrum,
serving as reference spectral profiles for probing local
parameters of a nanocomposite material, such as the
porosity and the effective refractive index.
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